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Pap Mutant of Avian Pathogenic Escherichia coli O1, an O1:K1:H7 Strain,
Is Attenuated In Vivo
Abstract
P or Pap fimbriae of avian pathogenic Escherichia coli (APEC) have previously been shown to be important in
the pathogenesis of colibacillosis. However, no study has been done to ascertain the effects of deletion of the
genes responsible for P fimbrial biogenesis on APEC'sin vitro and/or in vivo characteristics. In the present
study, all 11 genes of the pap gene cluster were deleted from APEC O1, the recently sequenced APEC strain,
and the wild-type strain was compared to the mutant (ECPAP1) for changes in certain phenotypic
characteristics and virulence for chickens. Both APEC O1 and ECPAP1 demonstrated mannose-sensitive
agglutination of guinea pig and chicken erythrocytes, but only APEC O1 demonstrated mannose-resistant
hemagglutination and P-receptor binding properties. The in vivo experiments revealed that ECPAP1 was
markedly attenuated as compared to its wild-type strain APEC O1. These findings suggest that P fimbriae are
involved in the virulence of APEC O1.
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SUMMARY. P or Pap fimbriae of avian pathogenic Escherichia coli (APEC) have previously been shown to be important in the
pathogenesis of colibacillosis. However, no study has been done to ascertain the effects of deletion of the genes responsible for P
fimbrial biogenesis on APEC’s in vitro and/or in vivo characteristics. In the present study, all 11 genes of the pap gene cluster were
deleted from APEC O1, the recently sequenced APEC strain, and the wild-type strain was compared to the mutant (ECPAP1) for
changes in certain phenotypic characteristics and virulence for chickens. Both APEC O1 and ECPAP1 demonstrated mannose-
sensitive agglutination of guinea pig and chicken erythrocytes, but only APEC O1 demonstrated mannose-resistant
hemagglutination and P-receptor binding properties. The in vivo experiments revealed that ECPAP1 was markedly attenuated
as compared to its wild-type strain APEC O1. These findings suggest that P fimbriae are involved in the virulence of APEC O1.
RESUMEN. La mutante Pap de una cepa pato´gena para aves de Escherichia coli O1:K1:H7, esta´ atenuada in vivo.
Se ha demostrado previamente que las fimbrias P o Pap de Escherichia coli pato´gena para aves juegan un papel importante en la
patoge´nesis de la colibacilosis. Sin embargo, no se ha realizado algu´n estudio para determinar los efectos de la delecio´n de los genes
responsables de la bioge´nesis de las fimbrias P sobre las caracterı´sticas in vitro e in vivo de E. coli pato´gena para las aves. En el
presente estudio, los 11 genes que forman el grupo gene´tico pap fueron eliminados de la cepa APEC O1, que es una cepa de E. coli
pato´gena para aves y que fue secuenciada recientemente. Se compararon los cambios en ciertas caracterı´sticas fenotı´picas y de
virulencia en pollos entre la cepa silvestre y la mutante (ECPAP1). Las dos cepas APEC O1 y ECPAP1 demostraron aglutinacio´n de
eritrocitos de cobayo y pollo sensible a la manosa, pero solo la cepa APEC O1 mostro´ hemaglutinacio´n resistente a la manosa y
propiedades de unio´n del receptor P. Los experimentos in vivo revelaron que la cepa ECPAP1 estaba marcadamente atenuada en
comparacio´n con la cepa silvestre APEC O1. Estos hallazgos sugieren que las fimbrias P esta´n involucradas en la virulencia de la
cepa de E. coli APEC O1.
Key words: adherence, attenuation, Escherichia coli, hemagglutination, mutation, P fimbriae, virulence
Abbreviations: AC/I fimbriae5 avian Escherichia coli I fimbriae; Amp5 ampicillin; APEC5 avian pathogenic E. coli;
CFA5 colony-forming antigen; CFU5 colony-forming units; Cm5 chloramphenicol; FLP recombinase5 a site-specific
recombinase; FRT5 FLP recognition target; Gal-a-(1-4)Galb5 a–D-galactopyranosy-b-D-galactopyranoside; HA5 hemaggluti-
nation assay; IBV5 infectious bronchitis virus; LB5 Luria–Bertani; P fimbriae5 Pap or pyelonephritis-associated pili fimbriae;
PBS5 phosphate-buffered saline; PCR5 polymerase chain reaction; TSB5 tryptic soy broth; Tsh5 temperature-sensitive
hemagglutinin; UPEC5 uropathogenic E. coli
Avian colibacillosis, an extraintestinal multi-organ–system disease
caused by avian pathogenic Escherichia coli (APEC), is an important
disease of poultry (3,6). Among the many manifestations of
colibacillosis, airsacculitis and subsequent septicemia pose a major
threat to the industry (3,6). A vast amount of literature available on
the subject attests to the ongoing importance of APEC to the poultry
industry on a global scale. Recent studies indicate that APEC is
genetically closely related to extraintestinal pathogenic E. coli of
human origin such as uropathogenic E. coli (UPEC) and neonatal
meningitis-causing E. coli (11,15,26,35,36). Although mechanisms
involved in APEC pathogenesis are not completely understood,
recent efforts involving sequencing of the APEC genome (15) and
several APEC plasmids (14,16), subtractive hybridization (17,20),
and signature-tagged mutagenesis (12), have resulted in significant
breakthroughs in our understanding of APEC virulence.
Adherence to host tissues is an essential prerequisite to
colonization and establishment of infection. Different types of
adhesins, both fimbrial and afimbrial, such as type 1 (F1) fimbirae,
Pap or pyelonephritis-associated pili (P) fimbriae, avian E. coli I
(AC/I) fimbriae, F17 fimbriae, Stg fimbriae, temperature-sensitive
hemagglutinins (Tsh), curli, and Afa afimbrial adhesins, are known
to be present in APEC (2,3,6,7,8,22,23,27,33,41,44). Type 1 (F1)
fimbriae are present in most E. coli including both commensal and
pathogenic strains (34). These fimbriae mediate binding to D-
mannose–containing structures thus conferring a mannose-sensitive
hemagglutination phenotype to the bacteria that possess them (10).
Immunofluorescence studies indicated that type 1 fimbriae are
expressed on APEC present in the trachea but are absent from
bacteria colonizing the internal organs or blood. This observation
suggests that type 1 fimbriae undergo in vivo phase variation and are
involved in colonization of the upper respiratory tract by APEC
following inhalation (7,31). However, an APEC isogenic mutant
with a deletion in the fimH gene that encodes the adhesin protein of
these fimbriae colonized the trachea better than the wild-type parent
strain, bringing into question the role of type 1 fimbriae in APEC
colonization of the trachea (1). Further, a recent study demonstrated
that type 1 fimbriae promote initial phagocytosis by heterophils but
protect bacteria from subsequent killing (25).
AC/I fimbriae, which belong to S-fimbrial adhesin family, are
known to occur mainly in APEC of O78 serogroup (2,44). In vitro
and in vivo experiments demonstrated that AC/I fimbriae can
mediate binding of APEC to the chicken tracheal and intestinal
epithelia and that this binding is avian tissue–specific (2,44). StgCCorresponding author. E-mail: sxk91@psu.edu
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fimbriae are present predominantly in APEC rather than in avian
commensal E. coli. They mediate binding of bacteria to the chicken
respiratory epithelium both in vivo and in vitro. Expression of stg is
regulated by the carbohydrate source and iron (23). Curli are
nonfimbrial adhesins which are expressed optimally in vitro at
ambient temperature (26 C). They mediate binding of bacteria to
fibronectin, laminin, and major histocompatibility complex class I
molecules; activation of plasminogen; and hemagglutination of
chicken red blood cells. However, the exact role of curli in APEC
pathogenesis is unclear (4,27,28,33,39). Tsh, which has sequence
homologies to immunoglobulin A1 protease from Neisseria gonor-
rhoeae and Haemophilus influenzae, mediates agglutination of
chicken red blood cells at low temperatures (26 C to 30 C) but
not at 42 C. Experimental infection of chickens with an isogenic tsh
mutant of APEC demonstrated that this gene is required for
development of lesions in the air sacs but is not necessary for
subsequent generalized infection (8).
P fimbriae are encoded by 11 genes, 10 of which constitute an
operon under control of the papB promoter (13). When expressed,
APEC’s P fimbriae are closely related to P fimbriae of serotype F11
(10). Recent studies indicated that the pap operon of APEC O1, an
O1:K1:H7 serotype, is located on a chromosomal pathogenicity
island (18). Such fimbriae are known to mediate binding of bacteria
to a–D-galactopyranosy-b-D-galactopyranoside (Gal-a-(1-4)Galb)
receptors and to confer a mannose-resistant hemagglutination
phenotype on the strain that possesses them (10,42). According to
in vitro binding assays, P fimbriae are not involved in adherence of
APEC to tracheal or pharyngeal epithelial cells (42). However, in
vivo studies have provided evidence that they are expressed by
bacteria colonizing the lower respiratory tract (air sacs and lungs),
internal organs, and blood (32). Despite years of research into
understanding the role of P fimbriae in APEC pathogenesis, their
role in APEC virulence is still uncertain. In the present study, we
deleted all 11 genes of APEC O1’s pap operon and tested the mutant
in several chicken infection models to obtain a better understanding
of the role of P fimbriae in APEC pathogenesis.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial
strains and plasmids used are described in Table 1. The wild-type strain,
which was subjected to mutational analysis in this study, was APEC O1.
This strain was originally isolated from the lung of a turkey with
colisepticemia (15). To date, it is the only APEC strain for which a
complete genomic sequence is publically available (15). Construction of
its pap-deleted mutant and pap-complemented strain is described below.
Bacteria were grown routinely in tryptic soy broth (TSB), Luria–Bertani
(LB) broth (Difco Laboratories, Detroit, MI), or LB solidified with
1.5% agar (Difco). When appropriate, media were supplemented with
the following concentrations of antibiotics: 100 mg/ml of ampicillin
(Amp) and/or 25 mg/ml chloramphenicol (Cm). To promote the
expression of P fimbriae, colony-forming antigen (CFA) agar, consisting
of 1% Casamino acid (Difco), 0.15% yeast extract (Difco), 0.005%
MgSO4 (Fisher Scientific, Fair Lawn, NJ), 0.0005% MnCl2 (Fisher),
and 2% agar (Difco), was used.
Chickens. One-day-old broiler chickens were purchased from a
commercial hatchery in the state of Iowa known to produce disease-free
chicks. Chickens in each experimental group were housed in separate
rooms. Food and water were available at all times. The animal
experiments were conducted in accordance to the animal care guidelines
and with the approval of the Institutional Animal Care and Use
Committee of the Iowa State University.
Recombinant DNA methods. All DNA manipulations were carried
out using standard procedures (38). Enzymes and chemicals used for
DNA manipulation were purchased from Invitrogen (Carlsbad, CA) and
New England Biolabs (Ipswich, MA) and were used according to the
manufacturers’ instructions. DNA fragments used in the cloning
procedures and PCR products were isolated from agarose gels with
the MinElute Gel Extraction kit (Qiagen, Valencia, CA), unless
otherwise mentioned. Plasmid DNA from E. coli was isolated and
purified with a Wizard Plus Minipreps DNA Purification System
(Promega Corporation, Madison, WI). Plasmids were introduced into
E. coli by electroporation. Primers used in this study were purchased
from IDT Technologies (Commercial Park, Coralville, IA), and are
listed in Table 2.
Construction and complementation of the mutant strain. Deletion
of the pap operon (papG to papI) in APEC strain O1 was achieved using
the lambda recombinase gene-replacement system according to the
method described previously (5). Briefly, a 1.6 kb PCR product from
plasmid pKD3 was amplified using primers (Papmut1 and Papmut2)
containing the Cm resistance cassette from pKD3 and additional 36-
and 37-bp overhang regions (underlined in Table 2) at the 59 and 39
ends of the PCR product complementary to the pap operon (Table 2).
The PCR-amplified product was electroporated into APEC
O1(pKD46), which is the APEC O1 strain containing Red helper
plasmid pKD46. Colonies that grew on LB agar containing Cm were
considered as pap gene cluster–deleted mutants. Mutants were colony-
purified once at 37 C and then tested for the loss of pKD46 by selecting
for Amp sensitivity. To eliminate the FLP recognition target (FRT)
flanked cat gene encoding Cm resistance, strains were transformed with
the helper plasmid pCP20 that encodes FLP recombinase (a site-specific
recombinase) and mediates excision of FRT-flanked sequences. Amp-
resistant transformants were selected at 30 C and then colony-purified
nonselectively at 43 C. The strains were then tested for the loss of
resistance to both Cm (loss of the FRT-flanked cat gene) and Amp
(encoded on plasmid pCP20), a loss of the pCP20 plasmid. Deletion
was confirmed by PCR amplification of nine different genes of the pap
gene cluster (primers are listed in Table 2) and cdtB, a gene lying outside
Table 1. Bacterial strains and plasmids used in the study.
Strain or plasmid Characteristics Source
Strains
APEC O1 Wild-type APEC O1:K1:H7 strain Reference 15
ECPAP1 Strain APEC O1, Dpap This study
APEC O1/46 APEC O1 carrying the Red helper plasmid, pKD46 This study
APEC SC35 APEC belonging to high pathogenicity group Reference 37
APEC SC15 APEC belonging to intermediate pathogenicity group Reference 37
APEC SC21 APEC belonging to low pathogenicity group Reference 37
Plasmids
pGEM-T Easy Escherichia coli cloning vector for PCR products Promega
pKD3 FRT-flanked Cm cassette template Reference 5
pKD46 Red recombinase expression plasmid, Ampr Reference 5
pCP20 FLP helper plasmid, temperature-sensitive replication, Cmr and Ampr Reference 5
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the pap operon in APEC O1, and also by sequencing the newly created
junctions using the primer pair Papjunc1 and Papjunc2. The pap gene
cluster–deleted mutant strain was named as ECPAP1.
To construct the complemented strain, the pap gene cluster was
amplified with its promoter regions from APEC O1 DNA with the
primer pair Papcomp1 and Papcomp2 (Table 2) using the LongRange
PCR kit (Qiagen). This 9.5-kb PCR-amplified product was purified
from agarose gels using the GeneClean Kit (Bio 101, Carlsbad, CA)
followed by A-tailing and ligation into pGEM-T Easy vector (Promega).
This vector construct was then transformed into E. coli strain JM109
(Promega) by electroporation, and the correct transformants were
selected by blue–white screening and PCR analysis for the presence of
genes of the pap operon. Transformants were then grown in LB broth
containing Amp to transform into the ECPAP1 strain in order to
construct the complemented strain.
Hemagglutination assay (HA). Mannose-sensitive and mannose-
resistant HAs were performed in the absence and presence of 2.5% D-
mannose, respectively, using 2% (vol/vol) fresh guinea pig or chicken
erythrocytes in phosphate-buffered saline (PBS; 0.04 M, pH 7.2) (42).
Approximately 1 3 109 colony-forming units (CFU) of bacteria grown
in LB broth or CFA agar at 37 C for 18 hr were resuspended in PBS
and mixed 1:1 with 2% erythrocyte suspension on a glass slide at room
temperature.
Gal-a-(1-4)-Galb–coated latex bead agglutination. Latex beads
coated with Gal-a-(l-4)-Galb (Chembiomed, Ltd., Edmonton, Alberta,
Canada) were used to determine the presence of P fimbriae (40).
Approximately 1 3 109 CFU of bacteria cultured on blood agar base
were suspended in PBS in a total volume of 10 ml, and mixed with 25 ml
PBS and 2 ml latex beads in a round-bottom 96-well microtiter plate. A
granular settling of latex beads on the bottom of the well indicated
positive latex agglutination confirming the presence of P fimbriae.
Attenuation in day-old chicks (subcutaneous route). Day-old
broiler chickens in groups of 12 were inoculated subcutaneously in the
back of the neck with a 0.1-ml bacterial suspension containing
108 CFU/ml of APEC O1 or ECPAP1 as described previously
(21,29). Bacteria were grown in TSB for 16 hr and washed three times
with PBS to prepare the inocula. A PBS-inoculated group was included
as a placebo control. Chickens were observed for 6 hr postchallenge and
then for every 12 hr for 7 days. At the end of the experiment, chickens
were necropsied, lesion scores were recorded, and samples were taken
from the air sacs, pericardium, and liver for recovery of bacteria. A
previously established scoring system was used to score the macroscopic
lesions (21,29). Briefly, a score of 1 was assigned for the presence of each
of airsacculitis, pericarditis, and perihepatitis and for the isolation of E.
coli from a surviving chicken that was euthanatized at the end of the
experiment. A score of 4 was given to a chicken that died after
inoculation of E. coli but before end of the experiment. Chickens that
died ,36 hr, 36–48 hr, 48–60 hr, and .60 hr postinoculation were
assigned mean time-to-death scores of 4, 3, 2, and 1, respectively
(Table 3). Mean group lesion scores were calculated from total lesions
scores of individual chickens in each group.
Assessment of the mutant in 1-day-old chickens (intratracheal
route). The wild-type and mutant strains were assigned to pathogenicity
groups according to the method described previously (37). Briefly, two
groups of broiler chickens (six chickens in a group) were inoculated with
0.1 ml of the appropriate bacterial suspension in PBS containing 107 cells/
ml by the intratracheal route. The pathogenicity of each E. coli strain was
determined by the comparison of mortalities and macroscopic lesions of
the chickens that received each isolate as follows. Highly pathogenic
isolates were associated with mortality or development of severe lesions
(airsacculitis, pericarditis, and perihepatitis) in .50% of the chickens
inoculated. Isolates categorized as having intermediate pathogenicity did
not cause mortality and only resulted in lesions in#50% of the inoculated
chickens. Weak pathogens belonging to the low-pathogenicity group did
not cause mortality but were associated with mild airsacculits in,50% of
the chickens inoculated. Isolates belonging to high (SC35 strain),
intermediate (SC15 strain) and low (SC21 strain) pathogenicity groups
were kindly supplied by Dr. Sandra Cloud (University of Delaware,
Newark, DE; Table 1). These isolates were used as positive control strains
representing each pathogenicity group. Another group of birds received
0.1 ml of PBS and served as a placebo control.
Attenuation in 2-wk-old chickens (aerosol route). Chickens (12/
group) were first inoculated intranasally with infectious bronchitis virus
(IBV) Massachusetts strain (3 3 104 mean embryo infection dose per
chicken) at day 10. Four days later, the chickens, kept in a closed chamber,
were exposed to APEC O1 or ECPAP1 administered with a nebulizer that
Table 2. Primers used in the study.
Primer Target Primer sequence (59–39) Reference
Papmut1 pap gene cluster TTGTACCATCTCATCGTTGTCTCTCCTGT
GTCCACCGTGTAGGCTGGAGCTGCTTC
This study
Papmut2 CTCTCCTTTCAGAAGCCAGTATGTTGCC
ATGCCCCGCATATGAATATCCTCCTTAG
Papjunc1 New junctions formed by the deletion CGTTGCTGAACCAGATAGTACTCC This study
Papjunc2 AGTCGTTACGCCTTATATCACTGG
Papcomp1 pap gene cluster with promoter and
operator regions
ATGCAAAAGACAGGGTAAAAAGAG This study
Papcomp2 GCCGGTTCAGTAAATTAGAAAAGA
CdtBF cdtB GAAAATAAATGGAACACACATGTCCG Reference 34
CdtBR GAAAGTAAATGGAATATAAATGTCCG
PapAF papA GCTGCTCCAACTATTCCACAG Reference 19
PapAR ACTGCAGAAAAAGCACCTTCA
PapBF papB AATGCCGACGACTCATCTGT Reference 19
PapBR GTACTGTTGCCCGGCTCTAT
PapCF papC TGTTTACTGGCATGATGGTCA Reference 19
PapCR ACGCCGAAAGACGTATATCCT
PapEFF papE and papF GCAACAGCAACGCTGGTTGCATCAT Reference 34
PapEFR AGAGAGAGCCACTCTTATACGGACA
PapGF papG CCCAGCTTTGTTATTTTCCTTG Reference 19
PapGR TTCTTACCATGGCTGTATGTCG
PapHF papH GGTATTGCAGGCATTACTTTCC This study
PapHR GAATACTGGGGAGAAGAACACG
PapIF papI TTTCTGAACAGGCATGATGG This study
PapIR GTGAGCGCTGAACCATACCT
PapJF papJ TTTATGCTCAGACGCAGCATGG This study
PapJR TTGCACTGTCGCTGAGTGGTTT
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delivers particles of 0.2 mm as described elsewhere (21,30). Bacteria were
grown in TSB for 16 hr, and were centrifuged and washed in PBS three
times. After the last centrifugation, bacteria were resuspended in PBS to
make a suspension containing approximately 109 CFU/ml. Each group of
chickens was kept inside a chamber and administered 50 ml of bacterial
suspension within a period of 10 min with a nebulizer. After nebulization,
chickens were kept in the chamber for an additional 10 min prior to
transferring them into the isolation rooms. Mortalities were recorded on
daily basis throughout the experiment. The surviving chickens were
necropsied 7 days after E. coli challenge to assign the lesion scores and to
collect tissues for bacteriologic examination. Group lesion scores were
calculated according to mortalities, individual lesion scores, and bacterial
recovery from the air sacs, liver, and pericardium (21,30). Scores for
macroscopic lesions were assigned to air sacs (0 5 normal, 1 5 mild
cloudiness and thickness, 2 5 moderate cloudiness and thickness
accompanied by muco- or fibrino-purulent exudates, 3 5 extensive
cloudiness and thickness accompanied by muco- or fibrino-purulent
exudates), pericardium (0 5 normal; 1 5 slight amount of fibrinous
exudates, 2 5 marked pericarditis), and liver (0 5 normal; 1 5 slight
amount of fibrinous exudates, 25 marked perihepatitis). A score of 1 was
assigned to a chicken if bacteria were recovered from any of the collected
tissues. A maximum lesion score of 8 was given to a chicken that died
before end of the experiment. The average group lesion score was
calculated from the lesion scores assigned to individual chickens in an
experimental group.
Statistical analysis. Fisher exact and chi-square tests were employed
to compare numbers of dead chickens and average group lesion scores,
respectively. P # 0.05 was considered significant.
RESULTS
Genotypic characteristics of APEC O1 pap mutant strain. A
mutant of APEC O1 was constructed to assess the role of P fimbriae
in APEC pathogenicity. This resulting mutant strain was negative
for nine genes of the pap gene cluster as detected by PCR. This
mutant, designated ECPAP1, contained an ,8.9-kbp deletion
within the pap gene cluster (,9 kb) and new junctions flanking the
deletion. The attempts to complement the mutant strain by
providing the pap gene cluster in trans into the mutant strain failed
due to the instability of the plasmid construct in E. coli JM109 cells.
Phenotypic characteristics of the mutant strain. The wild-type
strain (APEC O1) and the mutant strain (ECPAP1) agglutinated
chicken and guinea pig erythrocytes in the absence of D-mannose
when grown in TSB, which favors the expression of type 1 fimbriae.
However, neither strain was able to agglutinate erythrocytes in the
presence of D-mannose, thus confirming the presence of type 1
fimbriae (mannose-sensitive hemagglutination). In contrast, when
bacteria were grown on CFA agar, which typically inhibits type 1
fimbrial expression and favors P fimbrial expression, only the wild-
type APEC O1 strain was able to agglutinate both types of
erythrocytes in the presence of 2.5% D-mannose, demonstrating
mannose-resistant hemagglutination. Similarly, only the wild type
agglutinated latex beads coated with Gal-a-(l-4)-Galb confirming
the expression of P fimbriae by this strain. ECPAP1, the pap gene
cluster-deleted strain did not agglutinate the P-receptor–coated latex
particles strain demonstrating a P fimbriae–negative phenotype.
Attenuation in day-old chicks (subcutaneous route). In
Table 3, the number of chickens dying within the 7-day post-
inoculation period, the mean time to death, the number of chickens
with macroscopic lesions, recovery of E. coli from chickens that
survived until end of the experiment, and average group lesion scores
for each experimental group are listed. A significantly greater
number of deaths occurred in the groups that received APEC O1
than in the group receiving ECPAP1. There was no significant
difference in the numbers of deaths between the groups that received
PBS and ECPAP1. Escherichia coli were recovered from at least from
one tissue type from all the chickens that died during the
experiment. Chickens that died 72 hr postinoculation always
showed macroscopic lesions typical of colisepticemia. Average group
lesion scores were significantly higher in the groups that received the
wild type than that of the groups that received PBS or ECPAP1.
Attenuation in day-old chicks (intratracheal route). This
experimental model was used in particular to see whether the absence
of pap gene cluster changed the pathogenicity group of the wild-type
strain based on mortalities and macroscopic lesions of the infected
chickens. Over 50% of the chickens that received the pap-positive wild
type by the intratracheal route showed severe lesions of colibacillosis;
thus this isolate was classified as highly pathogenic. ECPAP1 produced
mild airsacculitis only in two (33.3%) chickens that were inoculated
with the isolate and was categorized as a weak pathogen.
Attenuation in 2-wk-old chickens (aerosol route). To deter-
mine if the attenuation of the mutant that was observed in 1-day-old
chickens was also observed in older chickens, 2-wk-old chickens were
challenged with the E. coli strains. Because older chickens are more
resistant to E. coli infection, they were predisposed to infection by
intranasal inoculation of IBV prior to aerosol E. coli challenge.
Mortality, macroscopic lesion scores, recovery of E. coli, and average
group lesion scores for each experimental group following aerosol
administration of E. coli are shown in Table 4. There was one death
in the group that received wild-type APEC, whereas no deaths were
recorded in the groups that received either PBS or ECPAP1. The
chicken that died during the experiment showed lesions typical of
colisepticemia. Of the macroscopic lesions observed, pericarditis was
more common than airsacculitis and perihepatitis. Groups that
Table 3. Virulence of APEC O1 and ECPAP1 strains in 1-day-old chickens (subcutaneous route).A
Treatment
Relevant
genotype DeathsB
Mean time to
death (hr)
Chicks with lesions/
chicks that survived
Escherichia coli isolation/
chicks that survived
Average
group lesion scoreC
APEC O1 pap+ 6a 50 6/6 6/6 5.60a
ECPAP1 pap2 0b NA 3/12 3/12 0.75b
PBSD NAE 0b NA 0/12 0/12 0.0b
AThis experiment was duplicated, and the results were pooled for statistical analysis. Values within a column followed by different lowercase
superscript letters differ significantly. (P # 0.05).
BNumber that died in a group of 12 chickens following administration of E. coli via the subcutaneous route.
CThe scoring system (maximum possible score 5 8) was as follows. For a surviving chick euthanized 7 days postinoculation, a score of 1 was
assigned to each case of airsacculitis, pericarditis, perihepatitis, or isolation of E. coli. For a chick that died within 7-day postinoculation period, a
score of 4 was assigned. For the chicks that died 36, 36–48, 48–60, and 60 hr postinoculation, mean time-to-death scores of 4, 3, 2, and
1, respectively, were assigned.
DChickens in the control group received PBS at the time of challenge.
ENA 5 not applicable.
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received PBS or ECPAP1 had significantly lower average lesion
scores than the group that received APEC O1.
DISCUSSION
Adherence to host tissue is frequently a prerequisite for bacterial
infections. Virtually all E. coli possess multiple adhesin gene clusters
and are, therefore, capable of expressing different fimbrial and
afimbrial adhesins, which enable bacteria to recognize and attach to
receptor molecules on specific host cell surfaces (43). Similarly,
APEC often express several different adhesins that mediate specific
binding to the host respiratory tract epithelium with different
receptor specificities (3,6). Among the adhesins present in APEC, P
fimbriae have long been considered as virulence factors of APEC
(3,6). However, no study has been done to knock out the pap operon
and to test the mutant in vivo to relate P fimbriae directly to APEC
pathogenicity. Besides, few studies have been conducted previously
to ascertain the role of type 1 fimbriae in APEC pathogenicity
(1,24). In one study, the entire fim gene cluster was knocked out
from the APEC strain MT78, whereas in another study only the
fimH gene that encodes the tip adhesin was deleted from the same
strain of APEC. In vivo assessment of mutant strains in chicken
experimental infection models revealed that the type 1 fimbriae do
not play a significant role in APEC pathogenicity. In fact, the fimH
deleted mutant strain was better able to colonize the trachea of
chickens than the wild-type MT78 strain (1).
Earlier studies showed that P fimbriae of APEC are closely related
to F11 serotype of human UPEC P fimbriae based on molecular and
immunological evidence (42). The foregoing observations also
suggest that APEC P fimbriae are not involved in initial bacterial
adherence to and colonization of the upper respiratory epithelium,
but are important for latter stages of infection by aiding bacterial
colonization of the air sacs, lungs, blood, and internal organs
(31,32). However, it is interesting to note that only a low percentage
of APEC isolated from colibacillosis outbreaks carry a complete copy
of the pap operon whereas the majority of APEC lack either all or
some of the genes of the operon (9,10,19,34,35). Studies in our
laboratory have demonstrated that only about 6%–7% of APEC
carry the papA gene, which encodes the major fimbrial shaft, PapA,
whereas 33%–40% of APEC have other genes of the operon,
including papG, which encodes the pilus tip adhesin that mediates
binding of bacteria to host Gal-a-(1-4)Galb receptor determinants
(19,34,35). It would be interesting to investigate whether the PapG
adhesin can mediate the receptor binding in the absence of a
functional, intact pilus.
In the present study, we knocked out the entire pap pilus-
encoding region by deleting all 11 genes (,99% of pap cluster) that
make up the pap gene cluster. In vivo experiments in chickens that
used three different challenge methods supported the idea that P
fimbriae are important for APEC virulence. However, research
carried out in our laboratory and by other researchers indicates that
the majority of APEC are negative for the genes of pap cluster
indicating that P fimbriae are not essential for APEC pathogenicity.
Recently, Stordeur et al. (41) tested six APEC isolates that are pap-
negative but are positive for afa-8 or f17 in three chicken infection
models to ascertain the virulence of pap-negative strains. This study
demonstrated that P pili are not essential for APEC pathogenicity at
least in the presence of other adhesins such as AfaVIII and F17.
However, APEC O1 lacks Stg fimbriae, F17 fimbriae, AC/I
fimbriae, or AfaVIII afmbrial adhesin (GenBank accession
CP000468). This ‘‘deficiency’’ in other adhesins may be related to
our observations showing that P fimbriae play an important role in
determining the pathogenicity of APEC O1. However, we were not
able to test ECPAP1 complemented with the pap operon because the
construct was not stable in any of the plasmid vectors used for
complementation experiments.
In summary, ECPAP1, the pap gene cluster–deleted mutant of
APEC O1 exhibited impaired virulence in vivo demonstrating the
importance of P fimbriae for this APEC’s pathogenicity. However,
the ability of other pap-negative APEC strains to cause disease
suggests that P fimbriae are not essential, at least for some APEC—
in fact, the majority of APEC—to cause disease. These pap-negative
APEC and perhaps some pap-positive strains may possess other
adhesin genes that mediate their adherence to host tissues.
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